The term "horse-racing effect" refers to a positive correlation between the slope at which blood pressure increases with age and blood pressure level at a baseline. Previous studies have reported such an effect in adults, while studies in children have found a negative correlation (termed "the Jenss effect"). These studies used analytic methods in which it was assumed that the blood pressure slopes were constant or the blood pressure profiles were linear. In this study, the authors used a components-of-variance approach that did not require this assumption in order to model serial blood pressure measurements made in 216 US preschool children (mean age at first analyzable blood pressure observation, 58.9 months) at 6-13 visits over a 3-year period (1986)(1987)(1988)(1989). Measurements were made using an automated blood pressure monitor. Values from the second and third measures at each visit were averaged to obtain each observation. Data from 2,203 blood pressure observations were available for analysis. For the full group, over the mean period of observation of 21.1 months, the mean rate of increase was 3.45 mmHg/year for systolic blood pressure and 0.06 mmHg/year for diastolic blood pressure. In the authors' model, 33 percent of the total marginal variability in systolic blood pressure was attributed to random error (visit-to-visit variability); average (constant) subject-specific difference from the population slope accounted for 42 percent, and a nonlinear component of variability around the subject-specific average accounted for the remaining 25 percent. All three components were statistically significant. Models which assumed that the slopes were constant did not fit these data, and fitting these models to the data led to an artifactual negative correlation between subject-specific slopes and intercepts. An implication of this is that the concepts of "horse-racing" and "the Jenss phenomenon," which have been operationalized by testing the covariance of the subject-specific slopes and intercepts using models which assume that the blood pressure slopes are constant over time, should not be applied to data that contain this nonlinear component of variance. Am J Epidemiol 1998;147:240-9. blood pressure; child; epidemiologic methods; longitudinal studies
Hypertension is the most common medical condition in the United States, affecting more than 50 million adults, or approximately 22 percent of the adult population (1) . Hypertension in adults is a major risk factor for ischemic heart disease (2-4), stroke (3) (4) (5) , congestive heart failure (6, 7), and end-stage renal disease (8, 9) . While effective medical treatment is now possible for most hypertensive persons (10) , less is known about the primary prevention of hypertension. An important observation made in a wide variety of populations is that, beginning in childhood, there is a progressive age-related rise in blood pressure, with a greater effect for systolic pressure than for diastolic pressure (11) (12) (13) . Among children living the United States, this rise in systolic blood pressure begins at approximately 4 years of age (14) . It has also been found that a few exceptional groups, so-called "zero slope" populations, do not exhibit this age-related rise in blood pressure in adulthood (15, 16) . The effect of migration on these groups appears to be conversion to the pattern of progressive age-related blood pressure rise (15, 16) . Thus, one strategy for investigating potentially reversible risk factors for the development of hypertension is to study those variables that, in the presence of appropriate genetic predispositions (17) (18) (19) , influence the age-related rise in blood pressure in childhood.
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The question of what these behavioral or environmental factors are has not been answered. Several studies have focused on sodium intake (15) . A randomized trial of sodium restriction in newborns found a small but significant effect on blood pressure at 6 months of age (20) . In longitudinal studies of adults and older children, obesity and low levels of physical fitness have been found to be associated with hypertension (21) (22) (23) (24) (25) . We previously reported data from children aged 5 years showing cross-sectional relations between blood pressure level and aerobic fitness and skinfold thickness (26) , and also showing that a greater increase in aerobic fitness and a lesser increase in body mass index were associated with a smaller rate of increase in blood pressure (27) .
The analytic approach to understanding blood pressure change in childhood is not straightforward, in part because of overlapping terminology and in part because of a lack of empirical data addressing which patterns in fact characterize blood pressure change. The term "tracking" has been widely used (11, (28) (29) (30) (31) (32) to refer to the correlation between blood pressure measurements at two different times. The correlation coefficient, however, reflects only the degree to which the readings of individuals maintain their relative distances from the group mean. Thus, several different patterns of blood pressure change of individuals within a group, characterized by divergence, convergence, or neither, may exhibit the same tracking coefficient. The pattern in which there is divergence, such that the slope of blood pressure change is positively associated with the baseline value, has been termed "horse-racing" (11, 33, 34) . This term was introduced by Peto to describe the correlation between a baseline value and the rate of change, "just as in a race between fast and slow horses (with a long-term systematic difference in their speeds) one would expect to find the faster horses out in front halfway through the race" (33, p. 467) . Two studies in adults have found such effects (35) (36) (37) . The situation in which there appears to be a negative correlation between blood pressure slope and baseline value during some period of observation, after correction for regression to the mean, has been termed "the Jenss phenomenon" (38) . One study in children (34) and one in adults (38) have reported this effect. These models assume that the underlying subject-specific blood pressure trajectories are linear. In this paper, we examine the appropriateness of this assumption and present a different approach to modeling longitudinal blood pressure measurements in children that does not require this assumption.
MATERIALS AND METHODS

Setting and subjects
Subjects were drawn from children participating in the Columbia University Study of Childhood Activity and Nutrition, a longitudinal observational study. A complete description of the recruitment process has been previously published (39) . Families were recruited mainly through a pediatric practice at The Presbyterian Hospital that serves a predominantly Hispanic, densely populated, low income neighborhood in northern Manhattan, New York City. A few families were recruited from other community sources. Only one child per family was eligible. Eligibility required that the family contain a healthy child between 3 and 4 years of age at entry. Families were excluded if the mother was pregnant or postpartum by less than 6 months. There were 238 children initially enrolled in the study. The blood pressure observation made at the first visit of each subject was discarded because of "white coat" reactivity (40) . We then excluded 22 children who had fewer than six analyzable blood pressure observations (after exclusion of the first observation) or less than 1 year between the first and last analyzable blood pressure measurements. Thus, 216 children had sufficient data for inclusion in this analysis. The mean duration of follow-up between the first and last analyzable blood pressure measurements for these 216 children was 21.04 months. The number of visits per child with analyzable blood pressure observations ranged from 6 to 13 (table 1) , and there were a total of 2,203 analyzable blood pressure observations, each observation comprising the mean of the second and third systolic and diastolic blood pressure measurements at a given visit. Data were collected from May 1986 through July 1989 at 18 scheduled visits to the study field site, following a protocol in which data from repeat measures of various characteristics were collected at different visits. The study was 
Measurements
Blood pressure was measured with a child's blood pressure cuff using a Dinamap automated blood pressure monitor (model 8100; Critikon, Inc., Tampa, Florida) after the child had been seated comfortably for several minutes. This instrument has been shown to be highly accurate in children (41) . The instrument was used in its automatic mode, in which measurements are obtained every minute. Up to five measures were taken at each visit. The second and third measures were averaged to obtain the value for the visit. A visit was not considered in the analysis unless at least three blood pressure measurements were recorded at the visit. Cuff size was selected in accordance with standard recommendations (42) .
Statistical analysis
We use the following notation. Let y tJ denote the blood pressure measurement obtained on the jth visit of the ith subject. Let t t j denote the age of the ith subject at that subject's jth visit. Let /z(f) denote the expected blood pressure of a randomly selected subject of age t.
The analysis was carried out in two stages. In the first stage, the population time trend in blood pressure was examined using regression analysis. In the second stage, the pattern of correlation between different blood pressure measurements in the same subject was examined using random effects analyses. The random effects analysis detects the influence of subjectspecific factors and also allows correct computation of standard errors for the estimates computed in the first stage. We began with the linear random effects model, and concluded with a model that did not include assumptions of linearity.
To examine the population trend in blood pressure, we fitted a simple linear regression of blood pressure on age using the aggregate of all subjects' data, blood pressure at age 72 months:
To check the adequacy of the simple linear regression model, we used a nonparametric regression program to fit a smooth curve to the residuals from the simple linear regression as a function of time (43) . For systolic blood pressure, the residual plot suggested incorporating an additional term in the model to reflect an abrupt lessening in the rate of increase in Here, x + means x if x > 0 and zero otherwise. To examine the pattern of correlations between different blood pressure measurements, following the methods of Svardsudd and Blomkvist (35) and Wu et al. (37), we first fitted a random slopes and intercepts model in which the difference between each subject's blood pressure measurements and the population expectation was assumed to follow a subject-specific simple linear regression,
Here a 0 , represents the subject-specific intercept defined to correspond to age = t* for the ith subject, a,, represents the ith subject's slope, and e, 7 represents measurement error and variability associated with the jth measurement of the ith subject. The error terms e, 7 are assumed to be independent of the random slopes and intercepts. The parameters to be estimated in this model (in addition to the parameters for the population expectation) are the variance of the error terms, the variances of the random intercepts and slopes, and the covariance between the random slopes and intercepts. Note that the variance of the random intercepts and the covariance of the random slopes and intercepts both depend on the choice of t*.
Finally, we applied a model without the assumption of linearity of difference between underlying subjectspecific and population blood pressures. This randomeffects model had the form where the a Ol and e,-• are as before, and the w/s are mean zero Gaussian processes with covariance
The w process represents subject-specific influences on blood pressure that do not act homogeneously over time, but instead have transient effects. The covariance function (equation 5) is the covariance function of an Ornstein-Uhlenbeck process (44) . An OrnsteinUhlenbeck process is the continuous form of an autoregressive process. The parameter o 2 is the marginal variance of the w process. It parameterizes the amount of variability in observed blood pressure measurements that can be attributed to the transient influences modeled by w. The parameter p represents the degree to which the transient effects persist over time. Values of p close to zero would correspond to transient effects lasting for only a short period, while values of p close to 1 would correspond to effects that tend to persist.
Although to our knowledge this model has not been examined with blood pressure data before, it has been suggested for repeated measures data (45, 46) . A graphic representation of a typical underlying blood pressure that follows this model is shown in figure 1 . Estimation for all models was based on the method of maximum likelihood implemented using the SAS procedure PROC MIXED (47) . The method of maximum likelihood estimates the variance and covariance parameters directly, and therefore no correction for regression to the mean is necessary. A more detailed description of the statistical methods has been previously provided (48) .
RESULTS
The date of the first blood pressure measurement in the analysis was used to define the baseline age of the subjects (mean = 58.9 months; standard deviation 4.70) (table 2). Approximately half of the children were male, and 91.2 percent were from Hispanic families. The mean systolic blood pressure at baseline was 95.9 mmHg, and it increased by 3.45 (standard error (SE) 0.24) mmHg per year (table 2) . The mean diastolic blood pressure was 54.5 mmHg at baseline, and it did not change significantly over the period of the study (mean change = 0.06 (SE 0.20) mmHg per year (table 2)). As is shown in the cross-sectional data in table 3, the mean systolic blood pressure of the cohort increased with age, while the mean diastolic blood pressure did not.
The results of fitting the fixed effects model of equation 2 are depicted in the upper portion of table 4 , showing that both the slope and the abrupt change at 72 months of age are statistically significant. The parameter estimates from the fixed effects part of the model varied slightly from table to table because the random effects terms reflect different modeling procedures (upper portions of tables 4-6), but the terms for slope and change at 72 months were consistently significant. We considered an alternative model whereby the bent line regression was replaced by a smooth function-for example, by substituting a quadratic term in place of the abrupt change in the slope at 72 months. However, fitting linear regression models with both the abrupt change and the quadratic term indicated that the bent line regression fits the data better than the model with the quadratic term. The bent line regression was significant (p = 0.03) even with the quadratic (and linear) terms in the model, while the quadratic term was not significant {p -0.30) after inclusion of the bent line and linear terms. 0.06 ± 0.20 * "Baseline" refers to the date of the first analyzable blood pressure observation for each child. Mean blood pressure at baseline was calculated from the mean of the second and third blood pressure measurements at the first analyzable blood pressure observation. Slopes were calculated from the simple fixed effects linear regression model (equation 1; see "Materials and Methods").
t SD, standard deviation; SE, standard error.
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The results of fitting the random effects portion of the model of equation 3 appear in the lower part of table 4. The covariance of the slope and intercept was -1.25 (p = 0.05). Thus, in our data, as in the reports of Svardsudd and Blomqvist (35) and Wu et al. (37) , this modeling procedure yielded the negative relation that has been termed "the Jenss phenomenon" (38) . In the analysis shown in table 4, the intercept was defined to correspond to systolic blood pressure level at birth. If the intercept is defined as systolic blood pressure at 48 months, which was the age of the child contributing the first analyzable blood pressure observation, the covariance between the subject-specific slopes and intercepts remained negative but was of lesser magnitude (table 5), reflecting the fact that 48 months is closer to the middle of the observation times, where this correlation is zero.
An assumption of the model described in equation 3 is that the difference between the subject-specific underlying blood pressure and the population average blood pressure is linear over time. This assumption, when coupled with specific parameter values, determines the marginal variability of blood pressure measurements over time. By marginal variability we mean the variability in the blood pressures across study subjects at a given time. In particular, with the parameter estimates obtained using equation 3, the linearity assumption implies that the marginal variability is largest at the youngest and oldest ages represented in the study and smallest toward the median of the ages represented. A second implication of the linearity assumption is that the covariance between subjectspecific slopes and intercepts will depend in a linear fashion on the age value used to define the intercept. These implications are mathematical consequences of the model. Fitting the model of equation 3 to our data with the intercept defined to correspond to systolic blood pressure at age 69 months, which was the midpoint of the ages represented, gave a parameter estimate for the covariance of the slopes and intercepts of 0.05 mmHg 2 /month (SE 0.12). With the intercept at age 95 months, which was the oldest age at which an analyzable blood pressure measurement was obtained, the parameter estimate for the covariance was 0.55 mmHg 2 /month (SE 0.27). The estimate of the marginal variability at a particular age is the sum of the estimates of the variance of a 0 when the intercept is defined to correspond to that age, plus the variance of e. Thus, at age 48 months, the marginal variability was estimated to be 73.6 mmHg 2 ; at age 69 months it was estimated to be 67.5 mmHg 2 ; and at age 95 months it was estimated to be 83.2 mmHg 2 .
In light of these observations, we considered an alternative model (see equations 4 and 5) that did not require the assumption that the difference between underlying subject-specific blood pressure and the population average was linear. Like the model described by equation 3, this model permits the subjectspecific rate of change in blood pressure to differ from the population average change, but it does not constrain these subject-specific differences to remain constant over time. A property of this model is that the marginal variability of the difference between ob- served subject-specific blood pressure and the population average blood pressure is constant with respect to age. Thus, the issue of defining the intercept in terms of age does not arise, and the interpretation of the results obtained does not depend on this decision. This model partitions the marginal variability into three components, given by the variances of a 0 , w, and e. Thus, the marginal variability of systolic blood pressure was estimated in our data to be 28.6 + 17.4 + 23.0 = 68.9 mmHg 2 (table 6 ). Random error, or visitto-visit variability, explained 33 percent of the total marginal variability in observed systolic blood pressure. Of the remaining 67 percent explained by model parameters, the average subject-specific difference from the population mean (<%) accounted for 42 percent, and variation around the subject-specific average (w) accounted for the remaining 25 percent. Thus, the effect denoted by w was a quantitatively important component of variance as well as statistically significant.
A second property of this model is that the covariance between blood pressure measurements made at different times in the same person decreases to an asymptote as the time between observations increases. This is shown in figure 2 , where the predicted values derived from the model parameter estimates are shown, together with a smoothed representation of the observed values for this covariance (vertical axis) over increasing time of observation (horizontal axis). The asymptote is achieved at 5-6 months, implying that the influence of blood pressure represented by the w term is transient over this time course. It is reasonable that the correlation converges to a nonzero value as it decays over time, as there are persistent differences between subjects. The goodness of fit for the random effects portion of the model may be judged in part by inspection of figure 2 , where the residual cross-products corresponding to the alternative model more closely approximate the empirical residual crossproducts. * Based on equation 4. As is explained in "Materials and Methods," w represents a transient subject-specific tendency for blood pressure to vary from that subject's average blood pressure in a fashion that is neither random (a visit-specific effect) nor constant over time, p represents the degree to which this w effect persists over time; a value close to zero corresponds to a visit-specific effect that does not persist over more than one visit, while a value of 1 corresponds to an effect sustained over the full period of observation.
t SE, standard error. We repeated the random effects analyses with additional fixed effects to adjust for height, weight, body mass index, race, and sex. The random effects parameter estimates and statistical significance were essentially unchanged, as was also the case for the fixed effects terms for age and change in slope at 72 months. Thus, adjustment for these covariates did not affect the findings.
DISCUSSION
Several findings emerge from these analyses of 2,203 blood pressure observations in 216 preschoolaged children. First, the assumption that individual (subject-specific) blood pressure slopes are constant did not fit the observed pattern of the data. Second, in using modeling procedures that relied on this linearity assumption, we found no evidence to support a horseracing effect. Instead, a negative correlation was found between blood pressure at the beginning of the study and the random slopes. However, we interpret this apparent Jenss phenomenon in our data as an artifact of lack of fit of the random slopes and intercepts model.
We fitted an alternative random effects model that did not include the assumption that the subject-specific slopes were linear. In mis model, the concepts of horse-racing and the Jenss effect, which have been defined in the published literature on the basis of tests of the covariance of the slopes and intercepts computed assuming linearity of slope, are no longer meaningful. The alternative model has terms for the group mean slope; a constant subject-specific departure from the group mean slope, which is compatible with tracking; and a term, denoted in equation 4 by w, representing a component of variance that has not, to our knowledge, been previously described for children's blood pressure. This component is the nonconstant component of the subject-specific slope.
An important observation is that applying the random slopes and intercepts model to data that it does not fit may result in the apparent finding of a Jenss phenomenon. This was shown by applying equation 3 to our data, with that result. In general, application of the random slopes and intercepts model to data, such as ours, that follow the model of equation 5 will result in an apparent negative correlation between the slopes and intercepts (48) .
To our knowledge, only one other published study has examined the issue of horse-racing in children. Hofman and Valkenberg (34) analyzed 3-7 annual blood pressure measurements in 462 children aged 5-19 years, of whom 125 were aged 5-9 years at baseline. No significant positive association between slope and baseline blood pressure was found in any age group. The associations were negative and significant only in the group aged 5-9 years. These investigators concluded that their data provided evidence against a horse-racing phenomenon for blood pressure in children. With regard to the significant negative associations found in children aged 5-9 years, Hofman and Valkenberg concluded that the underlying statistical models may be somewhat unrealistic (34) .
Our study shared several methodological features with that of Hofman and Valkenberg. Both studies used the average of two blood pressure readings at each visit, both utilized a method for eliminating digit preference in blood pressure measurement (random zero sphygmomanometer or automated blood pressure cuff), both excluded the first observation (visit) from analysis in order to reduce the reactivity effect resulting from unfamiliarity with the procedure, and both took into account regression to the mean. The main difference between our study and that of Hofman and Valkenberg is that we did not attempt to correlate the slopes and intercepts in our final model, since implicit in estimating that correlation is the assumption that differences between subject-specific rates and the population rate of increase in blood pressure remain constant over time. Our analysis suggests that, at least in our data, these differences vary over time.
Two studies carried out in adults have reported data supporting a horse-racing effect for blood pressure (35) (36) (37) . Svardsudd and Blomqvist (35) described a maximum likelihood method for adjustment for regression to the mean. Svardsudd and Tibblin (36) applied this method to analysis of the horse-racing effect in a cohort study of blood pressure in 625 Swedish men who were born in 1913, were still alive in 1963, and were followed for the next 10 years. Consistent with the results of other studies, systolic blood pressure increased with age while the change in diastolic blood pressure was close to zero. After correction for regression to the mean, the regression coefficients for the association of the 10-year slope with the 1963 baseline blood pressure were 0.0293 (p < 0.01) for systolic pressure and -0.0245 (p < 0.005) for diastolic pressure. Thus, the statistical methods followed in that study, like those used in the study of Hofman and Valkenberg, were based on the random slopes and intercepts model, corresponding to equation 3 in "Materials and Methods."
Wu et al. (37) used the same maximum likelihood method to estimate associations between baseline and slope in blood pressure data from the Framingham Heart Study. Three baseline 10-year age groups (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) , and 55-64 years) were analyzed over 8 years of biennial follow-up (n = 1,682 for women and n = 1,439 for men). Persons who had been treated for hypertension were excluded from the analysis. For both men and women, the regression coefficients for this association were significantly positive for systolic blood pressure in two of the three age groups and in all age groups combined. Systolic blood pressure increased by 1.85 mmHg/2 years in men and by 2.30 mmHg/2 years in women. Data for diastolic blood pressure were not reported.
In 1977, Harville (49) published a paper describing a general formulation of linear random effects models. Computational aspects, additional applications, and more detailed explorations of these models have been the topics of subsequent work by Laird and Ware (50) and by others, as reviewed by Chi and Reinsel (46) . Chi and Reinsel discuss the w effect in the context of observations made-at equal-time-intervals, while the data to which this modeling approach was applied in our study were obtained at irregularly spaced time intervals. An alternative model, the polynomial growth curve model, is described in a recent paper by Zucker et al. (51) . This model differs from the linear random effects model in that the quadratic and higher order terms represent the subject-specific underlying trajectories as curvilinear rather than linear. Our model represents the nonlinear component of these trajectories with the w term rather than with higher order polynomial terms. We acknowledge the potential utility of the polynomial growth curve model, but we prefer the w term because the observed correlation structure in our data matched that predicted by inclusion of the w term (see figure 2) . In general, the polynomial growth curve model predicts correlations among measurements in the same individual that do not attenuate asymptotically over time, but, in general, correlations of blood pressure observations over time in the same individuals do.
A recent paper by Lee et al. (52) examined 30-year longitudinal blood pressure data in order to estimate long-term tracking correlations. This paper reported a long-term tracking correlation of approximately 0.5 in adults at 5 years, while we found a tracking correlation of approximately 0.4 at 3 years in children, suggesting that the blood pressure profiles of children are somewhat more volatile over time than those of adults. The model preferred by Lee et al., which best fitted their data, included a component of variance similar to our w term but indexing a much more slowly decaying tracking correlation than we were able to observe over the shorter observation period of our study. However, Lee et al. did not observe the shorter term component of variability indexed by our w term, presumably because of the longer time intervals between observations in their study. One implication of Lee et al.'s findings for our study is that the subject-specific differences represented in our model by the random intercept may not be constant over a longer period of observation.
Several limitations of our study should be considered in interpreting these findings. First, the children in our study were aged 4-5.8 years at the first analyzable blood pressure measurement, and we cannot be sure from our analysis that the random slopes and intercepts model, with its assumption of linearity of the slope, would not fit better in blood pressure data collected from older children or adults. Second, we are unsure of the biologic or epidemiologic interpretation of the effect denoted by the parameter w. One possible hypothesis is that unevenness in growth rates may have influenced the blood pressure to depart transiently from the underlying trajectory in this fashion,-but the degree, of imprecision in height measurements in our study children precluded testing of this hypothesis.
The blood pressure levels of the children in our study were generally consistent with national age-and sex-specific norms. A recent report of blood pressure norms (14) based on combined data from 56,108 children in eight US studies found mean systolic pressures of 94.4 mmHg in 1,134 5-year-old boys and 94.2 mmHg in 1,193 girls, as compared with a mean of 95.9 mmHg at baseline in our study; mean diastolic pres-sures were 54.4 mmHg in 221 5-year-old boys and 55.3 mmHg in 276 5-year-old girls, as compared with a baseline level of 54.5 mmHg among children in our study.
In summary, we modeled the components of variability in systolic blood pressure in a group of healthy preschool children followed intensively over a mean follow-up period of 21.2 months. We described three components: a group mean trajectory for increase in systolic blood pressure over time, a subject-specific constant deviation from the group mean, and a nonlinear component of variance. An implication of our findings is that the concepts of horse-racing and the Jenss phenomenon, which have been operationalized by testing the covariance of subject-specific slopes and intercepts in models that assume linearity of subjectspecific slopes, should not be applied to data, such as ours, that contain this nonlinear component of variability.
